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ABSTRACT A polymorphic C — T transition located on
the human Y chromosome was found by the systematic com-
parative sequencing of Y-specific sequence-tagged sites by
denaturing high-performance liquid chromatography. The
results of genotyping representative global indigenous popu-
lations indicate that the locus is polymorphic exclusively
within the Western Hemisphere. The pre-Columbian T allele
occurs at >90% frequency within the native South and Central
American populations examined, while its occurrence in
North America is =~50%. Concomitant genotyping at the
polymorphic tetranucleotide microsatellite DYS19 locus re-
vealed that the C — T mutation displayed significant linkage
disequilibrium with the 186-bp allele. The data suggest a
single origin of linguistically diverse native Americans with
subsequent haplotype differentiation within radiating indig-
enous populations as well as post-Columbian European and
African gene flow. The mutation may have originated either in
North America at a very early time during the expansion or
before it, in the ancestral population(s) from which all
Americans may have originated. The analysis of linkage of the
DYS199 and the DYS19 tetranucleotide loci suggests that the
C — T mutation may have occurred around 30,000 years ago.
We estimate the nucleotide diversity over 4.2 kb of the
nonrecombining portion of the Y chromosome to be 0.00014.
Compared to autosomes, the majority of variation is due to the
smaller effective population size of the Y chromosome rather
than selective sweeps. There begins to emerge a pattern of
pronounced geographical localization of Y-specific nucleotide
substitution polymorphisms.

The apparently nonrecombining (Y specific) portion of the
human Y chromosome provides a unique system for the study
of human origins, migration, and admixture (1). However, few
such polymorphisms have been identified to date, presumably
because of a smaller effective population size relative to
autosomes and reduction of variation on the entire chromo-
some due to selection at a single locus (2-7). Moreover, some
of the previously described loci are not amenable to convenient
PCR genotyping techniques (e.g., see refs. 8 and 9).

Some Y-specific polymorphisms such as the Y 4lu polymor-
phic element (10, 11) and an A to G transition (12), which have
apparently arisen once in human evolution, have underscored
the great potential of such loci in creating readily interpretable
Y-chromosomal haplotypes for evolutionary analysis. Such
data are of particular value in the study of human migration.
A recent report (4) indicated an absence of polymorphism over
729 bp on the human Y chromosome. Here we report on the
discovery of a C — T point mutation in association with
representative genotype results from globally diverse popula-
tions. Our observations of a locus polymorphic only within the
Western Hemisphere, which shows the pattern of linkage
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disequilibrium with a previously described microsatellite locus
(13), indicate that the C — T mutation may have been
introduced exclusively during the early stages of human hab-
itation of the Americas. Its potential utility in understanding
the pre-Columbian peopling of the New World as well as
inferring the degree of admixture within indigenous popula-
tions are discussed. The comparative sequencing of >4.2 kb of
the nonrecombining portion of the human Y chromosome
reveals detectable amounts of base substitution polymor-
phisms.

MATERIALS AND METHODS

Previously described (14) sequence-tagged sites (STSs) were
amplified by using a “touchdown” PCR regime (12, 15).
Amplification primers were obtained from Research Genetics
(Huntsville, AL). Reaction products were analyzed by agarose
gel electrophoresis. We have developed a method of compar-
ative DNA sequencing (16) based on the capability of ion-pair
reverse-phase liquid chromatography on alkylated nonporous
poly(styrene divinylbenzene) particles (17) to resolve homo-
from heteroduplex molecules under conditions of partial de-
naturation. We refer to this method as denaturing high-
performance liquid chromatography (DHPLC). Duplexes for
analysis were formed upon mixing, denaturing, and reanneal-
ing Y-specific PCR amplified products from various male
genomic DNA samples.

Individual samples, which had displayed heteroduplex sig-
nature patterns, were purified with Qiagen (Chatsworth, CA)
QIAquick spin columns and both strands were sequenced to
confirm the polymorphism using the amplification oligonucle-
otides as sequencing primers and DyeDeoxy terminator cycle
sequencing reagents (Perkin-Elmer) following the manufac-
turer’s protocols. Products of sequencing reactions were pu-
rified by Centri-Sep spin columns (Princeton Separations,
Adelphia, NJ) and analyzed on an Applied Biosystems DNA
sequencer (model 373A). The reliability of DHPLC to effi-
ciently identify polymorphic STSs was corroborated by se-
quencing the same STSs by conventional fluorescent DNA
sequencing methods.

Genotyping of the DYS199 locus was done by allele-specific
PCR. Two amplification reactions were performed for each
sample in which the DYS199 forward primer (Fig. 1) was
combined with one or the other allele-specific reverse primer.
The C-specific reverse primer sequence was 5'-GGTAC-
CAGCTCTTCCTAATTG-3' and the T-specific primer was
5'-GGTACCAGCTCTTCCTAATTA-3'. Each 15-ul allele
reaction mixture contained 50 ng of genomic DNA, 5 pmol of
each primer, 100 uM each dNTP, 1.5 mM MgCl,, 10 mM
TrissHCI (pH 9.0), 50 mM KCl, and 0.375 unit of Tag poly-
merase. Thirty cycles of allele-specific PCR were performed in

Abbreviations: STS, sequence-tagged site; DHPLC, denaturing
high-performance liquid chromatography.
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5'- TAATCAGTCTCCTCCCAGCAAGTGATATGCAACTGAGATT
CCTTATGACACATCTGAACACTAGTGGATTTGCTTTGTAGTAG
GAACAAGGTACATTCGCGGGATAAATGTGGCCAAGTTTTATC

TGCTGCCAGGGCTTTCAAATAGGTTGACCTGACAATGGGTCA
CCTCTGGGACTGA(C)AATTAGGAAGAGCTGGTACCTAAAATG
AAAGATGCCCTTAAATTTCAGATTCACAATTTT - 3'

FiG. 1. Complete 241-bp DYS199 nucleotide sequence. Polymor-
phic nucleotide position 181 is indicated by parentheses. Regions used
for primer design are underlined.

a Perkin—FElmer model 9600 thermal cycler using the following
two-step PCR regime: 94°C for 30 s and 61°C for 20 s. Each
reaction was analyzed on an ethidium bromide-stained agarose
gel and the specific 201-bp product was UV visualized to
determine allelic state (Fig. 2). Positive controls of both C and
T allele individuals (whose genotypes were previously con-
firmed by sequencing) were always included in the allele-
specific PCR genotyping experiments.

The DYS19 tetranucleotide microsatellite was genotyped
with a fluorescently labeled primer and one unlabeled primer
(1 pmol each) in a 5-ul touchdown PCR mixture (see above)
containing 20 ng of genomic DNA, 200 uM dNTPs, 0.25 unit
of Taq polymerase, and 3 mM MgCl,. A single microliter of
amplified product was combined with a fluorescently labeled
internal size standard ladder and analyzed on a 6% denaturing
gel in an Applied Biosystems DNA sequencer (model 373A)
using Genescan 672 fragment sizing software (Perkin—Elmer).
Subsequent allele calling was accomplished with Genotyper
software (Perkin-Elmer).

Nucleotide diversity (1) was calculated according to ref. 18
as

m= 2uXiXdij,

where x; and x; are, respectively, the frequencies of the ith and
jth types and dj is the proportion of nucleotide differences
between the ith and jth types of DNA sequences.

RESULTS

Expanding our initial search of 7 STSs for Y-specific poly-
morphic loci, in which a single A — G transition had been
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Table 1. Identity, locus, and size of Y-specific STSs sequenced

STS Locus Size, bp
sY-17 DYS250 289
sY-65 DYS260 269
sY-67 DYS262 78
sY-84 DYS273 286
sY-85 DYS274 295
sY-87 DYS275 212
sY-95 DYS280 263
sY-98 DYS282 226
sY-103 DYS199 201
sY-105 DYS201 261
sY-117 DYS209 222
sY-161 DYS243 276

The reported size includes only the length scanned for polymor-
phism and not the primer sequence.

observed in 1357 bp (12), an additional 12 loci (Table 1) were
surveyed by comparatively sequencing 20 individuals of diverse
geographic origin. This was achieved by crossing PCR products
with an arbitrary referénce African male. Duplex analysis was
then performed by means of DHPLC under partially dena-
turing conditions. As shown in Fig. 3, heteroduplexes were
readily resolved within minutes from their corresponding
homoduplexes. Screening of these additional 2878 bp revealed
a single polymorphic nucleotide substitution, a C — T transi-
tion, at base position 181 of locus DYS199 (Fig. 1).

A total of 173 humans from five continents as well as 6
nonhuman primates were subsequently genotyped at this
biallelic locus (Table 2) using allele-specific PCR techniques.
The presence of one allele or the other was unequivocally
detected in all cases (Fig. 2), including nonhuman primates.
The T allele occurred exclusively in 90.5% (i.e., 38/42) of the
South and Central American populations examined, while all
other human individuals (» = 123) outside the Americas and
the nonhuman primates displayed only the C allele. The T
allele was also observed in indigenous North American Navajo
and Eskimo populations, but each at a lower frequency of 50%
and 67%, respectively.

A subset of 133 males was also genotyped at the microsat-
ellite locus DYS19 (13, 19), which permitted the construction
of Y-chromosomal haplotypes (Table 3). The T allele was

FiG. 2. Representative 201-bp allele-specific PCR prodﬁcts analyzed on an ethidium bromide-stained agarose gel. Lanes 1-5 and 7-11, C- and
T-specific reactions, respectively. Lanes 1, 2, 7, and 8, C males; lanes 3, 4, 9, and 10, T males; lanes 5 and 11, females; lane 6, 123-bp size ladder.
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F1G. 3. Representative chromatograms of homo- (peaks 1) and
heteroduplexes (peak 2) created upon reannealing 241-bp PCR prod-
ucts of a male reference with an Asian (a¢) and an American Indian (b)
individual. Heteroduplexes reflect a single-base substitution. Column,
poly(styrene divinylbenzene) Cig, 2.1 um, 50 X 4.6 mm i.d.; linear
gradient, 9.25-15.75% (vol/vol) acetonitrile in 0.1 M triethylammo-
nium acetate (pH 7.0) in 5.5 min at a flow rate of 1 ml/min; column
temperature, 55°C.

found to be in strong linkage disequilibrium with the 186-bp
microsatellite allele (x> = 68.7 with 1 df). Specifically, the
186-bp allele was exclusively associated with the DYS199 T
allele in all six American populations studied, while it is
relatively rare (6.5%) in non-American populations and is, in
these cases, associated only with the DYS799 C allele. Con-
versely, with the exception of the Eskimos, the DYS799 C allele
is predominantly associated with the DYS/9 microsatellite
190-bp and 194-bp alleles, especially in non-American popu-
lations. In the American populations, five of the six individuals
(two Mayans, one Surui, and two Navajos) having the DYS799
C allele also had the DYS19 190-bp allele. The origin of these
five individuals cannot be assessed unequivocally, although,
given the high frequency (7/9 = 78%) of this haplotype in
Europe, European admixture is likely. However, we still cannot
exclude completely the possibility that some of the DYS799 C

Table 2. DYS199 genotypes by population

Continent Population C T n
Human
Africa Lisongo 2 2
CAR pygmy 20 20
Zaire pygmy 8 8
Bushman 1 1
Asia Chinese 16 16
Cambodian 18 18
Japanese 14 14
Oceania Melanesian 4 4
New Guinean 12 12
Australian 2 2
Europe Caucasian 22 22
America Karitiana 15 15
Surui 1 16 17
Mayan 3 5 8
Colombian 2 2
Eskimo 2 4 6
Navajo 3 3 6
Nonhuman primate
Chimpanzee 4
Orangutan 2 2
Total 134 45 179
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Table 3. DYS199 and DYS/9 haplotypes

C allele T allele
182 186 190 194 198 202 186 190 194 n

Africa 1 3 3 5 10 4 0 0 0 26
Asia 0 3 9 19 5 4 0 0 0 40
Oceania 0 0 3 8 1 1 0o 0 0 13
Europe 0 0 7 2 0 0 0 0 0 9
America

Karitiana 0 0 0 0 0 0 8 3 0 11

Surui 0 0 1 0 0o 0 13 0 0 14

Mayan 0 0 2 1 0 0 2 0 1 6

Colombia 0 0 0 0 0 0 1 0 1 2

Eskimo 0 2 0 0 0 0 4 0 0 6

Navajo 0 0 3 0 0 0 2 1 0 6
Total 1 8 28 35 16 9 30 4 2 133

alleles in the American populations were pre-Columbian. One
Mayan male, previously shown (12) to have an African Y
chromosome, had the 194-bp C haplotype. Within native
Americans, the 186-bp C haplotype was observed in Eskimos,
Navajos, and some other North American Indian populations
(data not shown).

Two polymorphic sites have now been found by scanning
4235 bp of Y-specific sequence in 20 human males from around
the world. An estimate of nucleotide diversity (1), which is the
average pairwise difference for all pairs of sequences randomly
drawn from a population (16), was calculated for the nonre-
combining portion of the human Y chromosome to be 0.00014
per nucleotide. Using a previously compiled composite esti-
mate of 0.0011 for autosomal nucleotide diversity (20), we
estimated a 7.9-fold (i.e., 0.0011/0.00014) reduction in the
predicted polymorphism frequency relative to an autosomal
locus.

DISCUSSION

The clarity of the human historical content of the Y chromo-
some resides in the absence of recombination on the Y-specific
region such that haplotype information is preserved. Our
discovery of another base substitution, this time within the
Western Hemisphere and thus relevant to the colonization of
the New World, underscores the efficacy of this approach.

The results of genotyping representative continental popu-
lations show that DYS199 is apparently polymorphic only
within the Western Hemisphere. This observation indicates
the discovery of a pre-Columbian allele within the New World
that can be used to assess historical origins and migrations of
early native Americans. The C — T mutation can be localized
to the American continent if our inability to detect the T allele
outside the Americas is confirmed by further investigation.
However, we cannot yet exclude that the mutation occurred in
the Northeast Asian population(s) from which all or most
American natives originated. Furthermore, the presence of the
T allele in Navajo and Eskimo populations as well as other
North American groups (unpublished data) suggests that the
mutation occurred prior to migration into Central and South
America, although back migrations cannot be discounted.
Obviously, by genotyping additional contemporary Asiatic and
native American populations it should be possible to trace the
genetic migratory trail from Asia and the peopling of the New
World.

The relative age of both the DYS7/99 and DYS19 polymor-
phisms can be estimated. Since nonhuman primates possess the
DYS199 C allele, it is ancestral to the T allele, assuming the
probability of recurrent C — T mutations is extremely low.
Furthermore, since the DYSI9 186-bp allele is far more
frequent than the other two observed 190-bp and 194-bp
alleles in DYS799 T haplotype Y chromosomes, it is reasonable



Genetics: Underhill ef al.

to hypothesize that the T allele was initially introduced on
precursor chromosomes bearing the DYS19 186-bp allele and
that the 190- and 194-bp T haplotypes are more recently
derived. The underlying rationale is that the most frequent
genotype is most often the oldest under either the infinite
allele model (21) or a stepwise mutation model (22). The
relative timing is further supported by the observation that the
186-bp T haplotype is the most frequent in the New World
populations studied and by the fact that microsatellite loci
display much higher mutation rates (23) than those of single
nucleotide substitutions. The exclusive localization of the
DYS199 T allele in the Americas, closely coupled with a
particular Y-specific microsatellite allele (186 bp), strengthens
the claim of a specific haplotype associated with pre-
Columbian New World populations. In fact, the presence of
the 186-bp C haplotype in Eskimos and Navajos further
supports the hypothesis that the 186-bp T allele might be
derived from the 186-bp C allele, and both haplotypes could
comprise the ancestral population(s) that peopled the Amer-
icas. Interestingly, the T allele appears in all three major
linguistic groups—namely, Amerind, Na-Dene, and Eskimo-
Aleut (24).

Haplotype analysis of the mtDNA locus, coupled with
anthropological and linguistic data, has been extensively used
to study the peopling of the Americas (25). Suitable Y
chromosome variation is desirable to complement such studies.
Previous studies of population substructure in four Amerind
populations using both mtDNA and Y-chromosome restriction
fragment length polymorphism haplotypes were reported (26).
Unfortunately, their Y-chromosomal data were less informa-
tive as an index of substructure, since many haplotypes were
shared in both Old and New World populations. Geographi-
cally specific polymorphic loci such as DYS199 are more useful
in dissecting post-Columbian admixture. This has been inde-
pendently realized with the description of another Y-
chromosome haplotype based on the microsatellite DYS/9 and
sequence variation in alphoid repeats (27). Although addi-
tional research is necessary to unravel the peopling of the New
World prior to the Age of Exploration, this C — T transition
together with the DYS19 locus can be exploited immediately in
assessing the level of admixture within native American and
Hispanic populations throughout the Americas. Even if some
of the C allele present in contemporary American populations
is autochthonous, the maximum level of male-mediated post-
Columbian admixture can still be estimated by simply using the
percentage of male individuals displaying the C allele. Accu-
rate assessment of admixture will require the discovery of
additional Y-specific polymorphic loci that display alleles
specific to African or Caucasian populations as well as possibly
analyzing pre-Columbian human remains.

The moment at which the C — T transition occurred can be
estimated from the ratio of non-186-bp T haplotypes to all
haplotypes associated with the T allele in American popula-
tions, which is 0.167 (6/36) assuming there was no selection.
Luria and Delbriick (28), in their analysis of the dynamics of
bacterial mutations, showed that the proportion of mutants in
a population is expected to be equal to the product of mutation
rate and the time since the first appearance of the T allele.
Based on a recent estimate of an average mutation rate of 1.5
X 1074 (29) derived from ~700 tetranucleotide loci using the
distribution of allelic differences in terms of number of re-
peats, and an average generation time of 27 years (30), the C
— T transition should have occurred 30,000 years ago. This
value is similar to an earlier estimate of the time of entry to
America (32,000 years) based on classical genetic markers (31).
However, in contrast, the mutation rate of 2.1 X 1073 reported
by Weber and Wong (23) would indicate that the C — T
transition had occurred only 2147 years ago, which obviously
represents an underestimate. Knowledge of the mutation rate
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of this particular tetranucleotide would be important for
validating this dating.

While our observation of sparse variation on the Y chro-
mosome is consistent with a recent report (4), we are now able
to present a preliminary estimate of nucleotide diversity () on
the nonrecombining portion of the human Y chromosome that
is based on actually observed polymorphisms. Our estimate of
7 = 0.00014 differs from a compiled composite value for
autosomal nucleotide diversity of 0.0011 (20). Comparing
these values yields an estimated 7.9-fold reduction in the
predicted polymorphism frequency of the Y chromosome
relative to an autosomal locus. Since the nucleotide diversity
of human Y-chromosome loci is expected to be reduced 4-fold
because of its smaller effective population size, much of the
observed reduction can be attributed to this factor alone.
Additional factors such as polygyny would also contribute to
the lower amount of variation observed relative to autosomal
loci. These results indicate that it may not be necessary to
invoke homogenization by rapid selective sweeps (4) to explain
the reduced but detectable amount of variation that is appar-
ently geographically maintained on the nonrecombining re-
gions of the Y chromosome. Our estimate of nucleotide
diversity should be considered preliminary given that only 4.2
kb and a small number of individuals have been surveyed. The
discovery of additional single base substitutions, which will be
accelerated by using DHPLC for comparative sequencing, will
yield a more accurate estimate. Nonetheless, it is only when
numerous Y-specific chromosome polymorphic DNA mark-
ers, as well as additional mutation rate data from nonhuman
primates, are available that the rigorous phylogenetic assess-
ment of human evolution based on the Y chromosome can be
fully realized. The discovery of this single nucleotide substi-
tution covering a unique geographic area is remarkably similar
to our earlier finding of another such substitution localized in
Africa. It indicates that Y chromosome variation appears to
have a pattern of geographic distribution quite unlike mtDNA
and autosomes.
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